tients but not in controls (r = 0.45, p ! 0.002 vs. r = 0.25, p ! 0.361, respectively), and DIR tended to be lower in IgA nephropathy (p ! 0.06). A more pronounced slope between EPO and DIR as well as lower DIR/EPO was found in IgA patients. Conclusions: These results are consistent with greater renal vasoconstriction in IgA nephropathy that would stimulate EPO and reduce urate clearance.
Introduction
Hyperuricemia is associated with increased risk of progression of renal disease in subjects with IgA nephropathy and is strongly associated with tubulointerstitial fibrosis and renal vascular changes [1, 2] . Experimental studies suggest hyperuricemia may increase the risk of renal progression by inducing intrarenal vasoconstriction resulting in ischemia and tubulointerstitial fibrosis [3] . An inverse relationship between serum uric acid concentration and renal plasma flow has been observed in hypertensive patients [4] . Potential mechanisms for uric acid-mediated renal vasoconstriction include inhibitory effects on endothelial nitric oxide, stimulation of the re-nin-angiotensin system and the stimulation of thromboxane [5, 6] . In humans the renal vascular response to infusion of angiotensin II is blunted in subjects with hyperuricemia, suggesting uric acid may be associated with an activated intrarenal angiotensin system [7] .
We have used dopamine-increased creatinine clearance to assess intrarenal vascular function, as the increased glomerular filtration rate (GFR) is mediated primarily by dopamine-induced arteriolar vasodilation as opposed to an effect on tubular creatinine excretion [8] . Interestingly, a dopamine-induced increase in GFR is reduced in hyperuricemic patients with IgA nephropathy, consistent with the presence of preexisting renal vasoconstriction [8] .
Erythropoietin (EPO) production is increased in the setting of low oxygen tension in renal tissue [9] , and is modulated by renal blood flow [10] , the status of the renal angiotensin system and other vasoconstrictive substances [11, 12] . In contrast, EPO levels fall as renal disease develops. Given this data, we hypothesized that elevated uric acid might be associated with both a blunted dopamine response and higher EPO levels in patients with IgA nephropathy who have preserved renal function.
Patients and Methods
Forty-six untreated patients with biopsy-proven primary IgA nephropathy and a serum creatinine concentration of 1.07 8 0.30 mg/dl were enrolled for the study. No patients were given uric acid-lowering drugs. Patients were excluded if they had nephrotic syndrome, had secondary forms of IgA nephropathy or were on uric acid-lowering drugs. Controls consisted of 15 healthy volunteers (8 males and 7 females) with a mean age of 33.5 8 6.9 years who underwent the same procedure as the patients with IgA nephropathy. The Ethical Committee of the Medical University of Bydgoszcz approved the study and informed consent was obtained from each patient.
Each subject had fasting blood sampled for uric acid, lipids and EPO, and had 24-hour urine collection for N-acetyl-␤ -D -glucosaminidase, uric acid, protein and creatinine. Subjects then underwent the dopamine-induced glomerular filtration response test (DIR) based on dopamine-induced changes in creatinine clearance [8] . Patients were on a normal sodium diet and were examined in the morning in the supine position after overnight fasting and 24-hour urine collections. The residual urine was discarded via a catheter introduced into the bladder and afterwards each patient ingested 20 ml/kg b.w. of water over 30 min. Patients remained in the supine position during the whole study. The i.v. catheters were left in both antecubital veins for infusion and blood collection, respectively. Blood pressure was measured in the supine position at 30-min intervals. After an equilibration period lasting 80 min, the 120-min basal collection began, followed by another 120-min collection during which dopamine was intravenously administered at a dose of 2 g/kg/min. Whole urine collection was completed for creatinine both before and after dopamine. Blood samples for creatinine and EPO were obtained at baseline and at the beginning and end of the dopamine infusion.
DIR was calculated as follows: difference ( ⌬ ) between creatinine clearance (CrCl) after dopamine (dop) and before dopamine (bdop), defined as DIR = ⌬ CrCldop -bdop/CrClbdop [%]. Glomerular filtration rate (GFR DOP) was obtained during the DIRbasal period (without dopamine) and formed the basis for comparison between groups and fractional excretion calculations.
Analytical Methods
Serum and urinary creatinine were measured by Jaffe's method (Hitachi 912, Roche Diagnostics). To measure protein in the urine, the Exton method with sulfosalicylic acid was applied and N-acetyl-␤ -D -glucosaminidase was determined colorimetrically (Roche Diagnostics). Results are expressed as units per gram of urine creatinine (U/g cr ). Serum, urine uric acid, triglycerides and total cholesterol were measured (Hitachi 912, Roche Diagnostics).
Statistical Methods
Data are expressed as means 8 SD. Comparison of parameters was made using Student's test for parameters with normal distribution and a Mann-Whitney U test in case of nonparametric distribution. Correlations were made using Spearman's or Pearson's where appropriate. p ! 0.05 was considered statistically significant. 
Results
Subjects with IgA nephropathy were hyperuricemic with lower mean uric acid clearances and baseline creatinine clearances compared to controls ( table 1 ) . In both groups, a higher uric acid was negatively associated with uric acid clearance (IgA: r = -0.75; p ! 0.01; controls: r = -0.61; p ! 0.01). Nevertheless, the fractional excretion of uric acid were similar in both groups and no significant correlations between serum uric acid and creatinine clearances were found in IgA nephropathy or in controls (r = -0.25, p ! 0.092; r = 0.12, p ! 0.684, respectively).
Univariate analysis revealed differences between IgA nephropathy and controls in the relationship between GFR and uric acid clearance and fractional uric acid excretion. In IgA nephropathy, GFR correlated positively with uric acid clearance and negatively with fractional uric acid excretion (r = 0.37, p ! 0.01; r = -0.37, p ! 0.01, respectively), whereas no such interactions were observed in controls (r = 0.15, p ! 0.58; r = -0.32, p ! 0.24, respectively; fig. 1 , 2 ) . Figure 3 presents the univariate relationship between uric acid clearance and its fractional excretion in IgA nephropathy and controls. Both groups showed a significant correlation; however, the relationship was more prominent in the controls than in the IgA patients (controls: r = 0.87, p ! 0.001, y = 1.44 + 0.57x; IgA r = 0.70, p ! 0.001, y = 0.85 + 0.97x). This means that for every 1-unit change of fractional uric acid excretion, the change of uric acid clearance was greater in the controls than in patients with IgA nephropathy.
Correlation coefficients between uric acid clearance and basal EPO, DIR and DIR/EPO are shown in table 2 . IgA nephropathy patients showed a significant correlation between uric acid clearance and EPO, DIR and DIR/ EPO, but none of them were significant in controls. Figure 4 shows univariate correlations and slopes between basal EPO and DIR in IgA nephropathy and controls. For any given EPO concentration, the response to dopamine was more prominent in the controls than in patients with IgA nephropathy.
Correlation coefficients between blood pressure and uric acid and EPO are shown in table 3 . Again, a striking difference between IgA and the controls was found. In IgA patients, both systolic and diastolic blood pressure correlated with serum uric acid and EPO levels, whereas this was not observed in controls.
Discussion
In this study, we examined patients with IgA nephropathy with relatively preserved renal function in order to determine the relationship of uric acid excretion with EPO and renal vascular function (as determined by DIR). The first finding was that urate clearances in patients with IgA nephropathy, but not control subjects, fell with reducing GFR. In addition, the fractional excretion of uric acid increased in the patients with IgA nephropathy with lower GFR, suggesting some increased tubular secretion of urate as a compensatory mechanism to a reduction in filtration with worsening renal function [13, 14] . GFR is known to influence urate excretion, especially in subjects whose creatinine clearances are less than 60 ml/ min [15] . Since our subjects with IgA nephropathy had a lower mean GFR than the controls, it is possible that this could explain why these correlations were observed only in the patients with IgA nephropathy.
The primary new finding related to the relationship of basal EPO levels with uric acid clearance between patients with IgA nephropathy and controls. While basal EPO levels were similar between groups, EPO levels positively correlated with uric acid clearance in subjects with IgA nephropathy, whereas this was not observed in control subjects. This observation would be consistent with greater renal vasoconstriction and more ischemia in subjects with IgA nephropathy, which would have the result of stimulating EPO and reducing urate clearances. One possibility is that these mechanisms might reflect effects of angiotensin II, which can stimulate EPO [9, 12, 16] as well as reduce urate clearance [17] , likely by causing renal vasoconstriction with a fall in oxygen availability for tu- Relationships between uric acid clearance and uric acid fractional excretion. Uric acid clearance was significantly associated with fractional uric acid excretion in both control subjects and patients with IgA nephropathy, and tended to be greater in the latter group. bular transport [18, 19] . Intrarenal angiotensin II may also be higher in IgA nephropathy subjects due to proteinuria, hypertension or elevations in serum uric acid [6, [20] [21] [22] , and can be reflected by increased urinary angiotensinogen levels [23, 24] . The observation that DIR tended to be lower in subjects with IgA nephropathy compared to controls is consistent with this hypothesis (p ! 0.06; table 1 ). We also found a more pronounced slope between basal EPO and DIR ( fig. 4 ) as well as a lower DIR/EPO ratio (dopamine-induced response/basal EPO), which is consistent with the presence of greater renal vasoconstriction in IgA nephropathy patients ( table 1 ) . In these patients the response to dopamine was 44% lower compared to controls, consistent with the presence of greater vasoconstriction. These studies are consistent with our previous data which showed that the functional status of postglomerular vessels is worse in IgA nephropathy patients than in healthy volunteers [8] .
The possibility that early IgA nephropathy could be associated with significant renal vasoconstriction associated with the elevation in serum uric acid might also explain the alterations in EPO levels. Hence, while GFR is still relatively preserved, higher uric acid production in IgA nephropathy patients might be associated with lower urate clearances which might correlate with increasing renal vasoconstriction and increasing basal EPO levels. In contrast, once GFR falls significantly, urate clearances will fall with an increase in serum uric acid and an increase in fractional urate excretion despite continued renal vasoconstriction and tubular injury. While the increase in fractional urate excretion could reflect a compensatory response, there is still the possibility that it is secondary to tubular injury that may interfere with the ability of the proximal tubule to reabsorb uric acid effectively (as noted by the increasing N-acetyl-␤ -D -glucosaminidase levels). The tubular injury might also reduce EPO levels and impair the EPO response.
IgA nephropathy patients also had higher blood pressure than controls ( table 1 ) and hypertension was strongly associated with hyperuricemia, even in subjects with normal GFR. These data are consistent with increasing evidence for both an association as well as potential causal role between serum uric acid and hypertension [25] . Interestingly, the mechanism by which uric acid is proposed to cause hypertension is in part by inducing renal vasoconstriction [25] .
In conclusion, there is a relationship between serum uric acid, renal vasoconstriction and EPO in subjects with IgA nephropathy even before GFR falls. While the cause and effect cannot be deduced due to the cross-sectional nature of the study, the data is consistent with decreased urate clearances, reflecting relatively greater renal vasoconstriction with preferential efferent arteriolar constriction and preservation of GFR. During this period, EPO levels correlate inversely with urate clearances. As renal injury progresses, serum uric acid rises with an increase in fractional urate excretion, which may act as a compensatory response. Time course and or intervention studies will be necessary to evaluate this potential explanation.
